Abstract Integral membrane proteins contain a hydrophobic transmembrane domain and mainly locate in the plasma membrane lipid bilayer. The receptor tyrosine kinases (RTK) of the epidermal growth factor receptor (EGFR) superfamily, including ErbB-1, ErbB-2, ErbB-3, and ErbB-4, constitute an important group of such membrane proteins, which have a profound impact on cancer initiation, progression, and patient outcome. Although studies of their functions have conventionally focused on their membrane-associated forms, documented observations of the presence of these membrane receptors and their functioning partners in the nucleus have reshaped the intracellular geography and highlight the need to modify the central dogma. The ErbB proteins in the membrane can translocate to the nucleus through different mechanisms. Nuclear RTKs regulate a variety of cellular functions, such as cell proliferation, DNA damage repair, and signal transduction, both in normal tissues and in human cancer cell. In addition, they play important roles in determining cancer response to cancer therapy. Nuclear presence of these ErbB proteins is emerging as an important marker in human cancers. An integrated picture of the RTK-centered signaling transduction network extending from the membrane-cytoplasm boundary to the nuclear compartment is looming in the foreseeable horizon for clinical application. (Clin Cancer Res 2009;15(21):6484-9) 
Background
The epidermal growth factor receptor proteins. The epidermal growth factor receptor (EGFR) proteins, which are arguably the most studied receptor tyrosine kinases (RTK), include EGFR/ ErbB-1/HER-1, ErbB-2/HER-2, ErbB-3/HER-3, and ErbB-4/ HER-4. The prototype RTK in the membrane contains an extracellular domain, a transmembrane domain, and an intracellular region, Except for ErbB-3, the intracellular region harbors a tyrosine kinase activity, which is vital for the signaling functions of these membrane molecules. Upon growth factor stimulation, these membrane receptors form homodimers or heterodimers, for which ErbB-2 is the most favorable dimerization partner. Receptor dimerization triggers conformational change and subsequent kinase activation, followed by receptor internalization (1) . Activated ErbB receptors then trigger the activation of multiple signaling cascades, such as the pathways mediated by mitogen-activated protein kinase (MAPK), phosphatidylinositol-3 kinase (PI-3K), phospholipase C (PLC), and signal transducer and activator of transcription (STAT). Thus, the activated receptors regulate multiple cellular activities, and the specific biological outcome caused by activated RTKs depends on the crosstalk of these signaling pathways.
Erbb proteins in the nucleus. Membrane receptors in the nucleus, or MRIN, a term we propose to refer to the unique biological process of membrane-to-nucleus translocation and the associated functions, has been documented by a substantial body of evidence accumulated in the past decades (2-6), which has called for a revisit to the central dogma that RTK resides and functions only in the lipid bilayer of the plasma membrane or extra-nuclear vesicles in the cytosol (7) . Among the EGFR family members, EGFR (8, 9) , ErbB-2 (10, 11), and ErbB-3 (12) can be detected in the nucleus as full-length receptors. Nuclear expression of these receptors has also been found in different normal tissues or primary cells (13) (14) (15) (16) . The primary mechanism of ErbB-4 nuclear trafficking is through the sequential proteolytic processing to produce an intracellular domain (ICD), which then translocates to the nucleus and functions as a transcriptional factor (5, 17) , whereas detection of full-length ErbB-4 in the nucleus of normal cells has also been described (13, 15) . Fragments derived from ErbB-2 by N-terminal truncation or alternative translation have also been found in the nucleus of cancer cells (18, 19) . Interestingly, some of these fragments generated by alternative translational initiation still retain the transmembrane domain and therefore are likely to associate with the membrane. Thus their nuclear translocation would need to overcome the same energy barrier as the full-length receptor.
The mechanisms proposed for nuclear transport of membrane proteins include the activity of transmembrane domain-binding chaperones, endosome-mediated nuclear translocation, and retro-translocation by endoplasmic reticulum (ER)-associated trafficking machinery (6) . Among them, the latter two mechanisms have received the most experimental supports. Upon activation by ligand stimulation, the membrane receptors are internalized through the clathrin-coated endocytotic vehicle formed by the GTPase dynamin (20) . In the endosomemediated nuclear translocation, the internalized endosome is directed by the nuclear transporter importin proteins, which recognize the nuclear localization signal (NLS) of the ErbB proteins to the nucleus through the nuclear pore complex (21) (22) (23) (24) . The retro-translocation model of nuclear translocation also involves the internalization of the surface receptor with the endosomal vehicle, which then merges with the ER through the Golgi. The ER-bound EGFR is retro-translocated into the cytosol with the aide of the Sec61 translocon, which forms a channel across the ER membrane for protein transport (25) . The membrane protein in the cytosol is stabilized by the chaperone protein HSP70, and then directed by the importin proteins for nuclear entry (22) . Another recent study described an alternative but related mechanism for nuclear transport of the integral membrane proteins located in the ER membrane (26, 27) , in which the NLS motif presents in the cytoplasmic domain of these integral proteins mediated nuclear entry by the importin proteins through lateral diffusion. This is another example that the membrane-bound integral proteins can be recognized and directed to the nucleus through the NLSmediated mechanism. It will be interesting to test whether and how this mechanism is involved in the nuclear translocation of plasma membrane proteins.
Nuclear expression of EGFR has been shown in normal tissues with active cell proliferation, such as the liver tissue during regeneration (8) , the uterus of pregnant mouse, and the basal cells of normal mouth mucosa (9) . These observations suggest a role of nuclear EGFR in normal biology. All four ErbB proteins have been identified in the nucleus of the mouse lung type II epithelial cell, with ErbB-1, -2, and -3 predominantly in the nucleus whereas ErbB-4 diffusively distributed in the cytoplasm and the nucleus (14) . The subnuclear localization and dimerization partner changed in response to the stimulation of the growth factor neuregulin, suggesting that the nuclear ErbB proteins have a role in normal lung epithelium. Upon NRG 1β stimulation, which is a potent mitogenic factor in Schwann cells, ErbB-2 and ErbB-3 form heterodimer and promote proliferation and survival of Schwann cells (28, 29) . This growth stimulation is associated with significant nuclear translocation of NRG 1β as well as the two receptors, suggesting an intranuclear signaling of the ligand and the receptors in promoting neuronal growth (16) . Nuclear expression of ErbB-2, -3, and -4 can have a biological function in brain development of primates as their nuclear presence was detected in the front cortex of juvenile and adult monkeys (15) . Similar nuclear localization and co-localization of the ErbB proteins was identified in primary human umbilical venous endothelial cells (HUVEC) and arterial endothelial cells (HUAEC) derived from early fetal gestation (13) .
Molecular Functions of the Nuclear ErbB Proteins
Two major functions of the nuclear ErbB proteins have been unraveled ( Fig. 1 and Table 1 ). Fig. 1 . A working model of RTK functions in the nucleus. EGFR and ErbB-2 can function in transcriptional regulation. EGFR transactivates cyclin D1, iNOS, and Aurora-A together with the transcriptional factor STAT3 and STAT5. EGFR and E2F1 can stimulate transcription of the B-MYB gene. The ATRS on the promoter is important for the EGFR-mediated transactivation. Nuclear ErbB-2 transactivate the COX-2 gene through HAS. The transcriptional factors involved remain to be identified. Nuclear EGFR can also function as a kinase to phosphorylate PCNA and increases its stability on the chromatin. Nuclear EGFR interacts with DNA-PK and conveys a resistance phenotype to ionizing irradiation. It remains to be determined whether EGFR phosphorylates DNA-PK. ErbB-2 has been shown to phosphorylate the cyclin-dependent kinase p34CDC2, which causes G2-M arrest in cancer cells and subsequently leads to resistance to taxol treatment.
Transcriptional regulation. The C-terminal regions of EGFR/ ErbB-1, ErbB-2/HER-2/neu, and ErbB-4 displayed intrinsic transactivation activity (9) (10) (11) 17) . Multiple gene promoters have been identified as the targets of the nuclear ErbB receptors. The cyclin D1 promoter is the first identified genomic target of nuclear RTK (9) . Upon EGF stimulation, EGFR translocates to the nucleus and binds to an A/T-rich sequence (ATRS) in the proximal region of the cyclin D1 promoter and stimulates its expression in cancer cells, providing a direct link between nuclear EGFR function and cell proliferation. The other ATRS-containing promoters targeted by the nuclear EGFR include the iNOS (inducible nitric oxide synthase) gene (30) . Nuclear EGFR is recruited to the ATRS motif of the iNOS promoter through its interaction with the transcriptional factor STAT3. Like other members of the EGFR family, EGFR lacks a DNA-binding domain. Therefore association with other DNA-binding factors such as STAT3 is expected to be required for chromatin recruitment and gene activation activity for nuclear EGFR. Similarly, EGFR was associated with STAT5 on the ATRS motif to transactivate the Aurora-A promoter (31) . Increased expression of the Aurora-A gene induced centrosome amplification and microtubule disorder. EGFR has also been found to cooperate with E2F1 to transactivate the B-MYB gene in a cell cycledependent manner (32) . Thus, B-MYB joins cyclin D1 as the transcriptional targets of nuclear EGFR to promote cell proliferation. The genomic targets of nuclear ErbB-2 were discovered by chromatin immunoprecipitation and molecular cloning to identify the HER-2/ErbB-2-associated sequence (HAS; ref. 11). ErbB-2 transactivated the COX-2 (cyclooxygenase 2) gene promoter through a HAS motif in the promoter. COX-2 is important for cancer development as a promoting factor for cell survival, proliferation, metastasis, and angiogenesis and its expression is correlated with ErbB-2 in primary cancer tissues (33) (34) (35) (36) . ErbB-4 conveys its transcriptional function through its ICD domain. Heregulin (also known as neuregulin) stimulated nuclear co-translocation and association of the ErbB-4 ICD and STAT5A, which in turn transactivated the β-casein gene promoter (37) . Nuclear ErbB-4 ICD was also shown to be a co-activator of estrogen receptor α (ER-α) and enhanced sensitivity to tamoxifen in breast cancer cells (38) . On the other hand, nuclear ErbB-4 ICD contributed the breast cancer etiology by blocking the gene repression activity of ETO-2, a transcriptional factor with suggested tumor suppressor function (39) .
Protein kinase. A common feature for the nuclear ErbB-1, ErbB-2, and ErbB-4, including their intracellular fragments, is the presence of a tyrosine kinase domain. The cyclin-dependent kinase p34
Cdc2 , a protein located primarily in the nucleus, has been reported to be a direct substrate of ErbB-2 (40).
Phosphorylation of p34
Cdc2 at tyrosine 15 by ErbB-2 inhibited the kinase activity of p34
Cdc2 and delayed M-phase entry, leading to taxol resistance in breast cancer. The ICD fragment of ErbB-4 is able to form homodimers in the nucleus and possesses constitutive kinase activity (41) . ErbB-4 ICD phosphorylated and inhibited the nuclear protein HDM2, and consequently enhanced p53 and p21 expression (42) . The full-length EGFR in the nucleus is a bona fide tyrosine kinase to phosphorylate the chromatin-associated DNA replication processive factor proliferative cell nuclear antigen (PCNA; ref. 43 ). Inhibition of the phosphorylation led to degradation of the chromatin-bound, but not the unbound, form of PCNA through a proteasome-dependent manner and consequently suppressed its function in DNA synthesis and DNA damage repair.
Clinical-Translational Advances
Expression of EGFR in the nucleus, but not in the non-nuclear compartment, was shown significantly correlated with overall survival in a cohort of breast carcinoma patients (44) . Nuclear expression of EGFR was also detected by immunofluorescence staining in oropharyngeal squamous cell carcinoma using an automated image acquisition and quantitation system (45, 46) . The presence of EGFR in the nucleus was correlated with significant increase in local recurrence and decrease in diseasefree survival after radiotherapy alone or adjuvant radiotherapy. Interestingly, in a study on a small cohort of esophageal cancer patients, only the nucleus-located phosphorylated EGFR but not the total EGFR was correlated with higher tumornode-metastasis (TNM) stage, nodal metastasis, and poor patient outcome (47) . Nuclear staining of EGFR was also found in epithelial ovarian cancer tumor tissues (48, 49) , whereas it remains to determine whether nuclear EGFR is involved in tumor progression of ovarian cancer. Thus, nuclear expression of EGFR seems to be associated with cancer development. Nuclear expression of the commonly identified EGFRvIII variant of EGFR, a mutant with deletion of the cytoplasmic domain of the receptor rendering the receptor constitutively activated (50), has been described in prostate cancer, invasive breast cancer, and brain tumor (51) (52) (53) . In hormone-refractory prostate cancer, nuclear expression of EGFRvIII was associated with decreased time to death from biochemical relapse and decreased overall survival (51) . In glioblastoma, nuclear EGFRvIII was found forming a complex with STAT3 (53). The EGFRvIII-STAT3 oncogenic complex upregulated iNOS and further mediated the EGFRvIII-induced glial transformation (53) .
There are multiple mechanisms underlying the EGFR-mediated tumor progression. In nasopharyngeal carcinoma (NPC) induced by Epstein-Barr virus (EBV; ref. 54) , the EBV-encoded latent membrane protein 1 (LMP1) oncoprotein was identified to enhance nuclear entry of EGFR, which subsequently transactivated the cyclin D1 and cyclin E gene promoters to foster cell proliferation. On the other hand, EGFR nuclear trafficking can be inhibited by the growth inhibitor vitamin D (1,25(OH) 2D3), which subsequently repressed the cyclin D1 gene and suppressed tumor growth (55) . A number of studies showed that ionization irradiation activates EGFR kinase activity, which contributed to protecting cancer cells from the killing by radiotherapy (56) (57) (58) (59) . Contrarily, several studies reported that EGF enhanced radiosensitivity of EGFR-expressing cancer cells, in particular for cells in G1 phase of the cell cycle (60) (61) (62) . These contradictory results might have been due to the cell proliferation stage or the different molecular makeup of these cells, for example, the nuclear EGFR status. A recent report showed that the gefitinib/erlotinib-sensitive EGFR mutants in a population of non-small cell lung cancers also conferred elevated sensitivity to ionizing irradiation. More importantly, these mutants were also defective in nuclear translocation (63) . On the other hand, ionizing radiation enhanced nuclear translocation of wild-type EGFR, which in turn contributed to EGFR-mediated radioprotection. Ionizing irradiation has been shown to cause nuclear transport of EGFR through caveolin-and protein kinase C-dependent mechanisms (64) (65) (66) . It is therefore likely that nuclear sequestration of wild-type EGFR in cancer cells is a means to protect the cells from EGFR-targeting as well as other genotoxic stresses. In this regard, it has recently been shown that nuclear translocation of both EGFR and ErbB-2 is inhibited by the tyrosine kinase inhibitor lapatinib, which leads to the sensitization of cancer cells to fluoropyrimindine (67) . Radiation-induced nuclear transport of EGFR activated the DNA-dependent protein kinase (DNA-PK), which then mediated the repair of the double-strand DNA break induced by irradiation (64) . Activation of DNA-PK function through interaction with EGFR has been documented previously (68, 69) , whereas the molecular mechanism remains to be determined. Treatment with the anti-EGFR antibody C225 blocked nuclear transport of EGFR and consequently inhibited DNA-PK activity and resulted in increased radiosensitivity (70) . It was reported recently that the cyclooxygenase-2 (COX-2) inhibitor celecoxib can also induce radiosensitization through blocking nuclear transport of EGFR, providing an example of COX-2-independent mechanism of celecoxib (71) . Nuclear EGFR can also regulate cell sensitivity to genotoxic stress through PCNA (43) . Inhibition of EGFR kinase activity rendered PCNA destabilized from the chromatin so that its DNA damage repair function was also impaired. Consistently, in primary breast tumor tissues, nuclear expression of EGFR and PCNA and phospho-PCNA was tightly correlated. More importantly, expression of the phospho-PCNA was a better tumor marker for overall survival in breast cancer patients. As the Y211-phosphorylated PCNA is the chromatin-bound, replicationally functional form of PCNA, this specific PCNA species is expected to be a better molecular marker to assess tumor malignancy. In addition to breast tumor tissues, this correlation was also found in oropharyngeal squamous cell carcinoma, in which PCNA expression was the only pathological factor tested being positively correlated with nuclear EGFR (46) . For ErbB-3, two recent studies showed that although nuclear expression of ErbB-3 was not frequently observed in normal or hyperplasia prostate tissues, its expression became much pronounced in prostate cancer, especially in the advanced hormone-refractory cases (72, 73) . Tissue microarray analysis showed that positive nuclear staining of ErbB-3 was associated with higher Gleason grade and disease progression (72) . In a prostate cancer xenograft model, although ErbB-3 predominantly located in the cytoplasm and plasma membrane in the tumors inoculated subcutaneously, significant nuclear expression of ErbB-3 was observed in the bone xenograft, suggesting a regulation by the microenvironment (73) . Thus, nuclear expression of ErbB-3 can be a prognostic marker or a therapeutic target for advanced prostate cancer with bone metastasis and resistance to androgen ablation.
Nuclear transport of the ErbB proteins is increasingly recognized as a pathological feature in tumors. The clinical impact of this new field has been shown in the correlation of nuclear ErbB proteins with disease progression in multiple types of cancer. From the perspective of cancer biology, it is possible that the nuclear localization of the ErbB proteins serve as a mechanism for sustained signaling and transactivation functions of these proteins to promote cancer progression. The nuclear localization may also contribute to the resistance to therapeutic agents designed for targeting these proteins in the plasma membrane. A major challenge is to gain substantial knowledge of this process that will permit tackling this outside-in nuclear translocation of the ErbB receptors for cancer prognosis, targeting, and therapeutic sensitization.
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